INTRODUCTION 43
To quantify how brain activity underlies sensory experience, researchers have asked two key 44 questions: How are sensory stimuli represented in neuronal activity? How does neuronal 45 activity contribute to behavior? A body of research has focused on the correlation between 46 neuronal activity and perception (Parker and Newsome 1998) regarding stimulus detection 47 2006). In order to quantify the trial-by-trial variability in neuronal response (Fig. 2c) , a 145 receiver operating characteristics (ROC) analysis was performed in the framework of signal 146 detection theory (Green and Swets 1966). The area under the ROC curve (Fig. 2d) provides 147 an index of detection or discrimination performance supported by the observation of the 148 neuronal response. Such a measurement takes into account the trial by trial variability in 149 neuronal response, provides a criterion-free metric which is similarly applicable to the rat 150 behavioral data, and thus allows further comparison of neuronal and behavioral 151 performances. To obtain an index of stimulus detectability, for all trials of that stimulus, the 152 histogram of spike counts within the post-stimulus time window of 50 msec was compared 153 with the histogram of spike counts within a corresponding window of 50 msec before the 154 stimulus onset. The overlap between the two histograms was quantified by applying all 155 possible values of the decision criterion, ranging from the minimum to the maximum 156 observed spike count (Fig. 2c) . Each criterion yielded a hit and false-alarm rate. Plotting the 157 hit rates versus the false alarm rates led to an ROC curve (Fig. 2d ). The area under ROC was 158 then calculated by approximating the missing parts of the ROC curve between two 159 consecutive criteria by a trapezoid (Fig. 2d ). In the same way, to obtain an index of 160 discriminability between each pair of stimuli, the histograms of spike counts within the post-161 stimulus time window of 50 msec were compared across 100 trials of each stimulus 162 amplitude. The ROC area falls within the range of 0 to 1. An ROC area of 0.5 indicates that 163 the proportion of hits is equal to the proportion of false alarms reflecting a complete overlap 164 between two histograms, and thus representing chance performance. An area of unity, on the 165 other hand, indicates a hit rate of 1 and a false positive rate of 0 and no overlap between two 166 histograms which is equivalent to perfect detection or discrimination. 167
In order to compare the detection and discrimination performances for each recording, the 168 stimulus amplitude whose detection performance was closest to 60% was chosen as detection 169 threshold (Th). If available, the stimuli that corresponded to the ½, 1½ and 2 times threshold 170 amplitude were then selected for estimating the discrimination performances. This allowed 171 two discrimination performances to be measured separately for ½Th versus 1½Th pair and for 172
Th versus 2Th pair ( Fig. 5 and 9 ). 173
Experiment 2: behavior 174

Subjects, behavioral apparatus and procedure 175
Four adult male Wistar rats, weighing 350-420 g, were used in the behavioral experiment. 176
Rats were maintained on a 12:12 hour light-dark cycle (with lights on at 7am) in a climate-177 controlled colony room. Rats were water deprived and were rewarded with a 5% sucrose 178 solution during the experiment. After each daily experiment session, the rats had ad libitum 179 access to water for one hour and were fed 15-18 g of rat chow. 180
The experiment was performed in a Plexiglas chamber with the following dimensions: 30 cm 181 (length), 20 cm (width), and 50 cm (height). The rat was placed on a platform composed of 182 metal bars spaced at 1cm as flooring which was raised 20 cm from the ground. An aperture 183 (40 mm×40 mm) was located in the front wall of the chamber. Nose-pokes into the aperture 184
were detected by an infra-red optical sensor. Two mesh plates (35 mm×30 mm) were 185 positioned 2 mm from the edges of the aperture slanted towards each other at a 55° angle 186 (Fig. 1) . These two mesh plates were attached to piezoelectric ceramic bars that delivered 187 vertical sine-wave vibration stimuli to the whiskers. The position of the nose-poke sensor was 188 adjusted in a way that the rats were required to maintain a consistent head posture to receive 189 the stimulus. This minimized the trial by trial variability of head position with respect to the 190 meshes and of head movements during the stimulus presentation. The reward was delivered 191 through two drinking spouts located at either side of the aperture in the front wall (Fig. 1) . 192
The behavior of the rat (nose-poke or the response at either reward spout) was continuously 193 registered into a data acquisition card (National Instruments, Inc., Austin, TX) using a 194 custom-built circuit that measured contact at the spouts or nose-poke through optical sensors. 195 A MATLAB script controlled the presentation of the stimuli, registered the behavior of the 196 rats along with the corresponding time stamp of each behavioral action, and controlled the 197 delivery of rewards through two separate water pumps. The behavior of the rats was 198 monitored during the experiment using an infrared camera positioned in front of the aperture. proportion of stimulus assignments at each side (i.e. for none of the rats, the sequence of 228 Left/Right assignments was significantly different (p<0.05) from a binomial distribution with 229 a probability of 50%). 230
The first behavioral experiment employed a detection task based on the method of constant 231 stimuli. A sinusoidal vibration was delivered only on one of the meshes. The amplitude of the 232 stimulus was adjusted for each rat (Fig. 6 ). After the familiarization to the set up and the 233 initial shaping of the behavior, the detection task was conducted over 5 days. Rats performed 234 an average of 50-65 blocks of trials where each block contained a pseudorandom order of 235 stimuli of varying amplitudes. The detection performance was characterized by fitting a 236 cumulative Gaussian function to the empirical data (Fig. 6 ). Once the psychometric curveswere obtained for each rat, the detection threshold corresponding to the 60% correct 238 performance was calculated from the fitted curve and was used for the second phase of the 239 behavioral experiment. 240
In the second phase, the rats performed a discrimination task. The detection threshold (Th) 241 obtained from phase 1 was used to generate multiple base amplitudes to be added to both 242 sides. This procedure constructed new stimuli with the base amplitudes of zero, ½Th and Th. 
RESULTS
254
The aim of these experiments was two-fold: first, to characterize how barrel cortex neurons 255 respond to a selected set of vibration stimuli; and second, to investigate the performance of 256 rats in a detection and discrimination task involving the same stimulus set. vibrations below 6μm amplitude, but its detection performance for all other amplitudes was 286 significantly better than chance. While 6μm was not detectable against no stimulation (base 287 amplitude of 0), the same increment was highly detectable when added to a base amplitude of 288 9μm (the discrimination between 9 and 15 as indicated by the arrow in Fig. 3a) . Further 289 increases in the base amplitude resulted in a decline in the discrimination performance, 290 pointing to the compressive non-linearity in the response of the neuron at high stimulus 291 amplitudes. This compressive nonlinearity is equivalent to Weber's law. lengths was based on the behavioral results obtained in Experiment 2 (see Fig. 8 below) . 305
From the analyses of behavioral reaction times the sensory integration time was estimated to 306 be between 50 and 400 msec. Fig. 4 illustrates the ROC values for integration time windows 307 across this range (specifically 50, 100, 200 and 400 msec) presented separately for single 308 neurons ( Fig. 4a ) and multi-unit clusters (Fig. 4b) . The neuronal detectability and 309 discriminability indices followed the same trend across multiple integration windows. 310
Although at high base amplitudes longer integration times significantly improved 311
discrimination performances (open circles in Fig. 4a and b) , the integration time window had 312 no effect at lower base amplitudes (filled circles). In the first stage of the experiment, rats were trained to perform a simple detection task (Fig.  335   1 ). Rats were trained to nose-poke into the stimulus aperture in order to receive a vibration 336 stimulus on one of the two stimulus plates. Having identified the vibrating plate, the rat made 337 a behavioral choice by turning towards the corresponding drinking spout in order to receive a 338 sucrose reward. Fig. 6 shows the psychometric detection performance of each of the four rats 339 as a function of stimulus peak velocity. Despite the variability in sensitivity across subjects, 340 all showed the characteristic sigmoid profile. Similar to the neurometric functions the 341 empirical data was well fit by the cumulative Gaussian (the r 2 of the fits were > 0.96). The 342 sigmoid curve allowed us to estimate a detection threshold separately for each rat. The 343 detection threshold was defined as the stimulus amplitude corresponding to 60% correct 344 performance (dashed lines in Fig. 6 ). The estimated thresholds were 10.7, 13.9, 16.2, and 20. Wilcoxon signed rank test on the difference in performance between detection and 358 discrimination showed that across rats discrimination was significantly better than detection 359 (p value < 0.01). constant noise level, a minimum perceptual difference is required for a perceiver to 416 discriminate reliably between two stimulus intensities. Given the accelerating non-linearity, 417 as stimulus intensity increases, progressively smaller increments generate the minimum 418 response difference that is needed to overcome the noise. Quantification of neuronal 419 discrimination performance was consistent with this prediction -for near threshold stimuli, 420 the neuronal discrimination performance was significantly higher than the absolute detection 421 performance. Similar to the neuronal results, the behavioral performance was better for the 422 discrimination task compared to the detection task. Furthermore, the effect of base amplitude 423 on behavioral sensitivity was remarkably similar to its effect on neuronal discriminability 424 (Fig. 9b) . 425
Previous psychophysical experiments across different modalities in human subjects indicated 426 that adding a base intensity or "pedestal" to two stimuli can improve discriminability of those 427 stimuli, a phenomenon known as the pedestal effect (Nachmias and Sansbury 1974; Solomon 428 2009). This is because at low stimulus levels progressively smaller stimulus increments are 429 required to produce the smallest stimulus difference detectable by the subject -the Just- . This is consistent with our rat psychophysics findings 437 reported in Experiment 2 (Fig. 7) . 438
Electrical micro-stimulation has been used as a powerful technique to establish a causal link 439 between behavior and the activity of neuronal populations (Penfield and Rasmussen 1950) . It is also important to note that although Experiments 1 and 2 employed similar stimuli, they 499 entail fundamentally different experimental conditions. In Experiment 1, the rat was 500 anesthetized and head-fixed and the vibration stimuli were always presented at a specific 501 distance from the base of the whiskers while no whisking action was present. In contrast, in 502 Experiment 2, rats were free to whisk against the vibrating plates while keeping their head 503 under the optical sensor in the middle of the nose-poke aperture. Although monitoring 504 whiskers showed little whisking action during stimulus presentation, and despite the fact that 505 the behavioral set up minimized the trial by trial variability in the head position, there was 506 still some residual variability present in the distance from snout to the vibrating plates and the 507 angle of contact. These differences could potentially cause higher response variability in 508 neurons and impair performance in the behaving rats. Despite the different experimental 509 conditions under which behavioral and neuronal data were collected, detection and 510 discriminations followed similar trends (Figure 9b ): the coexistence of the pedestal effect 511 thus reflects the ubiquity of sigmoid response functions and rate coding at the level of single 512 neurons, neuronal populations, and behaviour. 513
Due to the difference in the conditions of Experiments 1 and 2, one cannot draw a causal link 514 between the rats' choice behavior and the precise neuronal firing rates measured here. To link 515 neural activity and perception, a further step in our approach is to record from barrel cortex 516 neurons during the psychophysical detection and discrimination tasks. This can eliminate 517 inter-subject variability, the differences in the stimulus presentation, and the level of arousalbetween the two experimental conditions employed here and thus allow a direct investigation 519 
